of frequency. However, if one or both are frequency dependent, then the retrieved pulse duration depends on the location where the measurement is made. We measure that each harmonic is very close to a Gaussian, but we also find that both the intensity profile and the beam wavefront depend significantly on the harmonic order. Thus, our findings mean that the pulse duration will depend on where the pulse is observed. Measurement of spectrally resolved wavefronts along with temporal characterization at one single point in the beam would enable complete space-time reconstruction of attosecond pulses. Future attosecond science experiments need not be restricted to spatially averaged observables.
High harmonic generation is a highly coherent process in which many photons are converted into one, leaving the generating atoms in the nonlinear medium unchanged. High harmonic generation is often described with a semiclassical model in which an electron tunnel ionizes, follows a semiclassical trajectory and then recombines by emitting a single photon. In a gas of many atoms a phase matched output results in laser-like coherence of the harmonics, which has been confirmed by interfering spectrally resolved replica beams [3] or different spatial regions of the same beam [4] .
These measurements however, do not address differences in the amplitude or curvature of wavefronts between harmonics, even though we know that the wavefront depends upon the trajectory [5, 6, 7] . Such a differences will be important for all attosecond pulse and pulse train applications. They are the subject of this paper.
To measure the spectrally and spatially resolved amplitudes and phases, we used frequency resolved wavefront characterization (or SWORD-Spectral Wavefront Optical Reconstruction by Diffraction) [8] . The measurement is free of approximations -it relies only on linear optics.
Our measurements reveal that the short-trajectory harmonics have an essentially Gaussian spatial profile and that the root-mean-square deviations from a parabolic wavefront are only 0.2 radians. They also reveal that different harmonics have a significantly different wavefront curvature upon emerging from the generating region. Since we measured both amplitude and phase of each harmonic, we are able to propagate the fields and determine their spatial properties anywhere along the direction of propagation.
Specifically we determine their waist position (position of the flat phase) and size -the virtual origin of the coherent beams. We find that this virtual origin of each harmonic is at significantly different position. Particularly important, the distance between the waist positions of some harmonics can be larger than their respective Rayleigh ranges. Since the harmonics are generated in the gas jet, this observation means that they are produced with different radii-of-curvature, depending on the harmonic order. It also means that, if the harmonics are focused to measure their temporal structure, the duration of the pulse will depend on where the measurement is made.
In our experiment we measure high harmonics produced by focusing an 800nm, 35fsec, 400µJ, laser beam onto a Nitrogen gas jet. For SWORD [8] a small 20µ wide slit is scanned across the XUV beam and the spectrally resolved diffraction pattern is recorded. Using this diffractogram, we reconstruct spectral wavefront phase and amplitudes of each harmonic. As the fundamental beam size in the interaction region is much smaller than the gas jet size, we can assume a uniform gas density across the beam in the generation region and therefore rotational symmetry of the generated har- The intensity distribution that we measure for different harmonics in Fig.   1 (a) is Gaussian, within the ∼ 15% error bars caused by fluctuations in the laser power and gas jet density. We extract the Gaussian beam parameters by fitting the measured intensity profile for each harmonic. The wavefront phase φ N (x, z slit ), where z slit is the slit position along the beam propagation and x is the coordinate across the slit, is parabolic for all harmonic orders N ( Fig. 1 (a) ). Because the noise in the phase measurements is small, the error bars are not visible on the scale of Figure   1 (a). To better estimate the phase error we subtract the fitted parabolic phase from the measured phase as shown in Figure 1 Fig. 2 (a) ) varies by more than their Rayleigh range (Z 0N ) which monotonically decrease from 11.8mm for H13 to 2.7mm for
, where λ N is the wavelength of N th harmonic). The corresponding beam (Fig. 2 (b) ) waists vary from 15.2µm for H13 to 5.3µm
for H25. The dependence of wavefront structure on harmonic order means that it is impossible to focus the attosecond pulse into one diffraction limited spot by achromatic optics (by using mirrors for example). Since it is sufficient to measure the spectral phase ϕ N ( r 0 , z 0 ) for any ( r 0 , z 0 ), we could select the point, for example, by centering a small aperture on high-harmonic beam and measuring the spectral phase of the transmitted radiation using RABBIT, FROG-CRAB [2, 9] or any other suitable technique. Then, the complete spatial (3D)+ temporal (1D) field profile of the beam can be reconstructed -
where ω 0 is the angular frequency of the fundamental beam and the summation is over all emitted harmonic orders. Note, while the spectral wavefronts |E( r, z, ω N )| exp i[φ N ( r, z)] is measured across one plane (z = z 0 ), it can be found across any plane along the beam propagation using
Fresnel-Kirchhoff diffraction formula [10] for each harmonic.
To demonstrate this principle, we arbitrary assume that the attosecond pulses within the train are transform limited at the center of the focusing mirror ( Fig. 3 (d) ) i.e. ϕ N = N ω 0 t e , where t e is harmonic emission time. All other parameters (i.e. the wavefront structure of each harmonic) are taken from our measurement. As we move along or across the beam, the relative spectral amplitude and phase of the harmonics changes. Consequently the temporal structure of each attosecond pulse in the pulse train depends on where the pulse is measured. Using the measured spectral wavefronts in our experiment, the temporal profiles is shown for selected points along the beam in Fig. 3 (a) -(c). Even in cases where the atto-chirp [11, 12] has been corrected, it can only be corrected strictly speaking at one point.
There are at least two approaches for bringing the harmonics to a common focus and generating Fourier limited attosecond pulses and pulse trains.
(1)The phase of any harmonic depends on both the intensity and the phase of generating beam. Optimizing the spatial profile (both phases and amplitudes) of the fundamental beam will allow us to minimize the chromatic wavefront variations between different harmonics. (2)The chromatic aberrations that we measure are reproducible. They can, in principle, be corrected with specially designed linear optics.
In conclusion, within the signal-to-noise limits of our experiment, we have obtained complete (phase and amplitude) information on wavefront profile of each harmonic. We have shown that spectrally resolved wavefronts allow the field distribution to be found anywhere. If we know the position of the generating medium with sufficient accuracy, this includes the position at the generating medium itself. The wave front amplitude and phase in the generating medium contains an imprint of the underlying single atom or molecule response. Within a 3-step model [13] , for a thin, low density gas, the measured wavefront phase φ N ( r, z jet ) is given by the sum of four contributions:
Where φ fund ( r, z jet ) is the wavefront phase of the fundamental beam at the jet position. φ fund ( r, z jet ) can be measured. φ r (ω N , z jet ) is the phase contribution of the transition moment [14] . φ r (ω N , z jet ) is intensity independent for a single orbital, but intensity dependent for multiple orbitals. The phase that the electron acquires in the continuum is −|α N |I( r, z jet ). This phase can be calculated within the strong field approximation and its corrections [5, 6] . φ t (I( r, z jet ), ω N ) is the yet not fully understood tunneling phase [15, 16] . It might be intensity dependent. Therefore, wavefront structure will serve as a sensitive measurement of the intensity dependence of these parameters.
Once the relative phase of each harmonic is determined, then we have shown that we know the temporal profile of an attosecond pulse anywhere in space. No matter what the pulse temporal structure should prove to be, we have already determined that there will be significantly different temporal profile at the center and at the edges of a beam and the temporal profile must change as the beam passes through the respective foci of the harmonics. Therefore, any spatially extended measurement with attosecond pulses will be affected and any measurement of the pulse itself is also affected.
The result of any experiment will be effectively averaged over the different temporal profiles at different positions in the interaction region of the focal volume.
Finally, attosecond science has been restricted to spatially averaged measurements to image orbitals [17] , tracing molecular dynamics [18] , identify and time resolve tunneling wave packets [15] and to follow Auger decay [19] .
Spectrally resolved wavefronts and the complete spatio-temporal characterization of attosecond pulses that they facilitate will allow us much greater experimental precision in all of these experiments.
We 
Methods
The laser beam from Ti:Sapphire amplifier was spatially filtered by propagating it through hollow-core fiber in vacuum and the beam was then focused with an f /# = 80 lens onto the pulsed gas jet.
The gas jet in which the harmonics were generated has 250µm aperture and was operated with a backing pressure of 2.7atm. The harmonic signal was recorded using a 40mm diameter Burle imaging microchannel plate (MCP) in the imaging plane of the spectrometer and the back-side phosphor screen was imaged onto the CCD camera. Further details on experimental setup can be found in Ref. [8] .
The Rayleigh range of the fundamental beam (Z R ≃ 10mm) was much longer than the interaction region of the jet (d ≃ 0.4mm) where harmonics were generated. The intensity of the fundamental beam was kept moderate to prevent excessive ionization and plasma creation. This configuration is particularly useful when we aim to study single atom/molecular response and has been widely used in attosecond science [17] .
The high harmonic radiation was diffracted through a horizontal scanning slit positioned in front of the XUV spectrometer [8] . The spectrometer is built with variable groove spacing flat field Hitachi imaging grating (model 001-0266). The system resolves the spectrum in horizontal direction, and allows essentially free-space field propagation in vertical direction. Twodimensional images are taken for each position of the scanning slit using imaging multichannel plate (MCP) and cooled CCD camera.
The relative vertical position of the diffraction pattern's centroid is proportional to the wavefront slope of the sampled wavefront slice. We reconstruct the wavefront phase in Fig. 1 (a) using the following relation: 
